H ypoxia is a pathological condition resulting from the rapid proliferation and vascular abnormalities of tumor cells. 1, 2 Hypoxia plays an important role in cancer invasion, 3 metastasis, 4, 5 and chemoresistance, 6, 7 and has become a primary target in cancer therapy. 1,8−10 The detection of hypoxia is an accurate and reliable method for the diagnosis and treatment of cancer. 11, 12 Many intracellular biosubstances have been developed to measure the degree of hypoxia, including nitroreductase (NTR), 13−23 DT-diaphorase, 24, 25 and azoreductase. 26, 27 Of these biosubstances, NTR is an excellent endogenous molecular biomarker with which to monitor hypoxia because the reaction limit of NTR-catalyzed oneelectron reduction is influenced by the oxygen concentration in hypoxic tumor cells or tissues. 28−30 We can group NTR into two categories (oxygen-insensitive and oxygen-sensitive) based on NTR ability to reduce nitro groups in the presence of oxygen or not. We note that both types of NTR catalyze the biological nitroreduction of nitroarenes and have similar substrates. 31−34 Many studies have confirmed that nitroaromatic compounds are superior substrates for NTR, with reduced nicotinamide adenine dinucleotide (NADH) as the electron donor, under hypoxic conditions. 35−41 Using this reducing activity, Ma et al.
developed a resorufin-substituted phenoxazine derivative for imaging hypoxic tumor cells. 29 Recently, Ma et al. measured levels of NTR in zebrafish, using a commercial enzyme linked immunosorbent assay (ELISA) kit. 35 Moreover, Qian's group, 37−39 Tan's group, 40 and Li's group 41 have reported several fluorescent probes composed of an aromatic nitro group and a fluorescent moiety (naphthalimide, Nile blue, and nearinfrared cyanine, respectively). All these probes display high sensitivity for NTR, and their fluorescence increases significantly in the presence of NTR. However, existing NTR probes cannot quantify NTR concentrations between cells or quantify different degrees of hypoxia. Here, we implement a new probe for cellular hypoxia that enables us to quantify the concentration of NTR in hypoxic cancer cells and tumors in conjunction with ELISA. Moreover, via fluorescence bioimaging of the fluorescin probe, we show that our fluorescent probe can elucidate the relationship between intracellular NTR concentrations and the degree of hypoxia in different cell samples.
Inspired by the high sensitivity and rapid response of NTR probes, we designed and synthesized three fluorescein probes decorated with para-(FBN-1), meta-(FBN-2), or ortho-(FBN-3) nitrobenzyl groups (Scheme 1). We chose fluorescein as the fluorescent moiety because of its high fluorescence quantum efficiency, high extinction coefficient (around 490 nm), and high water solubility under physiological conditions. It has also been widely used in biological imaging. 42, 43 In the absence of NTR, these three probes showed almost no fluorescence (φ f = 0.10) because of their electron-withdrawing nitro groups and intramolecular charge transfer processes. Upon addition of NTR in the presence of NADH, the nitroaromatic moiety of FBN-1 was reduced, with the release of the fluorescein derivative (FD, φ f = 0.90). Thus, a drastic OFF−ON fluorescence is induced by the electron transfer processes with FBN-1 (Scheme 2).
We measured the NTR levels in different hypoxic cells, and found no significant differences in the NTR levels of these cells. We then used FBN-1 to monitor the intratumoral NTR in real time, to determine the degree of hypoxia in tumor cells and tissues with an in vivo fluorescence bioimaging. Our results demonstrate that FBN-1 can be used to monitor the degree of hypoxia in real time both in vitro and in vivo. UV−vis and Fluorescence Experiments. Ultrapure water (18.2 MΩ cm) was used to prepare all aqueous solutions. Unless otherwise stated, all the UV−vis spectra and fluorescence spectra were measured in 50 mM Tris-buffered saline (TBS, pH = 7.4) containing 2.5% DMSO, with the following procedure. The TBS and FBN-1−3 solutions were incubated in a gas bath thermostatic oscillator at 37°C for 30 min before use. In a 1.5 mL tube, 10 μM FBN-1 (0.4 mL) and 2 mM NADH (0.2 mL) were mixed, and then an appropriate volume of oxygen-insensitive NTR was added. The final solution volume was adjusted to 0.8 mL with TBS. The solution was rapidly mixed and subsequently incubated in a gas bath thermostatic oscillator at 37°C. The solution was then transferred to a 10 × 10 mm 2 quartz cell to measure the absorbance or fluorescence spectrum. The fluorescence spectra were measured (λ ex /λ em = 490/515 nm) with 5/5 nm slit widths. All the spectra were corrected for intensity with the manufacturer-supplied correction factors and corrected for background fluorescence and absorption by subtracting a blank scan of the buffer system.
■ EXPERIMENTAL SECTION
Confocal Microscopic Imaging of Cells. HepG-2 (human hepatocellular carcinoma), A549 (human pulmonary carcinoma), and SKOV-3 (human ovarian carcinoma epithelial) cells were seeded in 35 mm Petri dishes with glass cover slides and allowed to adhere overnight before treatment. Cells were then incubated with FBN-1 (5 μm/mL) for 30 min at 37°C under humidified conditions in 95% air and 5% CO 2 , and washed three times with phosphate-buffered saline (PBS). The cells were then kept under normoxic (20% O 2 ) or different hypoxic conditions (15%, 8%, 5%, or 0.1% O 2 ), generated with an AnaeroPack (Mitsubishi Gas Corp.) 45−47 for another 8 h at 37°C . After the cells were washed with PBS (pH 7.4, 1 mL × five times), they were imaged. The fluorescent cell images were obtained with a confocal laser scanning microscope (Nikon A1; 60× oil immersion objective lens). The channel for FBN-1 was excitation at 488 nm and emission collected at 500−550 nm.
Flow Cytometry. The uptake of FBN-1 by the SKOV-3, HepG-2, and A549 cells was measured with a Millipore Guava flow cytometer. HepG-2, A549, and SKOV-3 cells were seeded in six-well plates and allowed to adhere overnight before treatment. The cells were then incubated with FBN-1 (5 μM) for 30 min at 37°C in humidified conditions under 95% air and 5% CO 2 , and washed three times with PBS. Each type of cell was then kept under normoxic (20% O 2 ) or different hypoxic conditions (15%, 8%, 5%, or 0.1% O 2 ), for another 8 h at 37°C. The cells were then washed three times with PBS (pH 7.4), harvested with 0.05% trypsin/EDTA (Sigma)
ELISA. 35 (1) Sample Preparation. HepG-2, A549, and SKOV-3 cells were cultured without fetal bovine serum under normoxic (20% O 2 ) or different hypoxic conditions (15%, 8%, 5%, or 0.1% O 2 ), for 8 h at 37°C
. The cell suspensions were collected and centrifuged at 827 g for 20 min before analysis with an ELISA kit. The cells were harvested with 0.05% Trypsin/EDTA (Sigma) and diluted with PBS (pH 7.4) to a concentration of 10 6 cells/mL. The cell solutions were then lysed via freeze−thawing to release their intracellular components. The lysates were centrifuged for 20 min at 827 g. The cell suspensions were collected and analyzed with an ELISA kit. A 50 mg tumor tissue sample was homogenized and mixed with 1.5 mL of PBS (pH 7.4, 4°C
), ground for 10 min, and centrifuged at 827 g for 20 min. The supernatant was collected and analyzed with an ELISA kit. (2) ELISA Development. The samples (10 μL) were added to 96-well ELISA plates. Next, 40 μL of sample diluent and 100 μL horseradish peroxidase conjugated reagent were added to each well, except the blank wells. The plates were closed with the plate closure membranes and incubated for 1 h at 37°C. The samples were washed 5−6 times with washing buffer after the plate closure membrane was removed. Chromogen solution A (50 μL) and chromogen solution B (50 μL) were added to each well and left to react for 15 min at 37°C in the dark. Stop solution (50 μL) was then added to each well to stop the reaction (blue color changed to yellow). The blank well was set equal to zero, and the absorbance of the samples was read at 450 nm with a Multimode Plate Reader (BioTek, USA) within 15 min of the addition of stop solution.
In Vivo Fluorescence Imaging. The mice were imaged using the IVIS Spectrum in vivo imaging system (PerkinElmer). The mice were anesthetized with an inhalation of 2% isoflurane for 30 s in an anaerobic box before fluorescence imaging. After an intratumor injection of FBN-1 (0.2 mM) in 0.1 mL of PBS (pH 7.4), the mice were placed in the in vivo imaging system (PerkinElmer) for in vivo fluorescence imaging ((λ ex /λ em = 490/520 nm).
■ RESULTS AND DISCUSSION
Optical Responses of FBN-1−3 to NTR. The spectroscopic properties of the probes (5 μM) were evaluated in TBS (pH 7.4; 2.5% DMSO). All three probes showed two prominent absorption bands centered at 456 and 479 nm (Figure 1a) .
The corresponding fluorescence emission maximum was at 515 nm (Figure 1b) . Upon addition of oxygen-insensitive NTR in the presence of 500 μM NADH, no change in the absorption spectrum of FBN-2 or FBN-3 was observed. However, with the addition of NTR, the initial absorption bands of FBN-1 at 456 and 479 nm decreased, with the simultaneous emergence of a band centered at 493 nm (Figure 1a) . The emission intensity of (Figure 1b) . The docking calculations also showed that FBN-1 is an ideal candidate probe for detecting NTR ( Figure S1 ).
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Optical Response of FBN-1 to NTR. The selectivity of FBN-1 for NTR was analyzed further. The reactions of FBN-1 with various potential interfering species were examined under the same conditions. As shown in Figure S2a , no significant increase in fluorescence was observed upon FBN-1 exposure with potentially interfering species. In contrast, when FBN-1 was incubated with NTR (0.6 μg/mL) and NADH (500 μM), the fluorescence intensity of FBN-1 increased sharply, showing that FBN-1 is highly selective for NTR over the other species.
The kinetic curves of FBN-1 fluorescence upon reaction with various concentrations of NTR (0, 0.15, 0.3, or 0.6 μg/mL) are shown in Figure S2b . Higher concentrations of NTR result in faster substrate turnover, as shown by faster increases in FBN-1 fluorescence intensity for the initial time points. The time required to reach maximum fluorescence intensity was about 5 min. In contrast, there was no change in the fluorescence intensity within a 10 min period in the absence of NTR. As shown in Figure S3a , the maximum fluorescence intensity of FBN-1 increased as the concentration of NTR increased. The increase in FBN-1 fluorescence showed a linear response to NTR concentration at 0−0.1 μg/mL NTR ( Figure S3b) . The detection limit for NTR was determined to be 0.66 ng/mL, which is significantly lower than most previously reported NTR probes. This high selectivity for and fast response to NTR indicates that FBN-1 is an excellent probe for rapidly imaging NTR with a dynamic range appropriate for comparing different degrees of hypoxia in biological samples. The above parameters relating to reaction selectivity and in vitro FBN-1 reaction rate with oxygen-insensitive NTR provides a reference for the reaction between our probe and NTR in our later experiments.
NTR inhibition with dicoumarin 35 was performed to illustrate the effect of NTR inhibition on FBN-1. When FBN-1 was pretreated with 0.1 mM dicoumarin and then mixed with NTR, the fluorescence intensity was much lower than that without dicoumarin ( Figure S4 ). Moreover, increasing the concentration of dicoumarin to 0.2 mM caused a further decrease in probe fluorescence intensity, which confirmed that the NTR activity of FBN-1 was inhibited by dicoumarin and the fluorescence off−on response of FBN-1 to NTR arose from the NTR-catalyzed reaction. Mechanism by Which FBN-1 Detects Hypoxia. In hypoxic tumor cells, NTR catalyzes the one-electron reduction of the nitro group, producing a nitro anion radical. However, the intracellular concentration of oxygen plays an important role in oxidizing the free radical anion to a nitro group. 27, 29 Therefore, FBN-1 is expected to detect hypoxia in tumor cells by detecting endogenous NTR. ESI-mass spectrometry (MS) and HPLC analyses were used to verify the sensing mechanism described above. In the ESI-MS spectrum of the reaction solution of FBN-1 and NTR, a major peak was observed at m/z = 347.0919 ( Figure S5 ), corresponding to FD ([M + ] = 347.0922). HPLC was also used to verify these observations. As shown in Figure S6 , in the HPLC analysis, there is a weak peak at 17.53 min and a new peak at 15 and 12 min corresponding to standard samples of FBN-1 and FD, respectively. These results support the proposition that the system can be "tuned" by "caging" the FD scaffold.
The reaction might proceed through the route depicted in Scheme 2: the nitro group of FBN-1 is reduced to a nitro anion radical; the nitro anion radical is then reduced to nitroso and hydroxylamine intermediates; the primary amines are the final reduced product in the presence of endogenous NTR and NADH. The unstable p-aminobenzyl derivative releases FD and the fluorescence emission is restored. 39 To understand the optical properties of FBN-1, a density functional theory calculation was made at the B3LYP/6-31G* level using a Gaussian 09 program. The results showed a charge transfer from the xanthene π-conjugated moiety to the nitro aromatic moiety in FBN-1, but no charge transfer was detected in FD ( Figure S7 ). This confirms that the intramolecular electrowithdrawing group that induces the electron transfer process occurs in FBN-1, and not in FD. This computed charge transfer is the theoretical basis of the FBN-1 "turn on" property.
Determining the Degree of Hypoxia in Tumor Cells with FBN-1. A 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was first used to determine the biocompatibility of FBN-1. FBN-1 showed no cytotoxicity toward HepG-2, A549, or SKOV-3 cells with ( Figure S8 ) or without ( Figure S9 ) irradiation of 490 nm light, confirming the biocompatibility of FBN-1. We then applied FBN-1 to tumor cells to measure their hypoxia in vitro. HepG-2, A549, and SKOV-3 cells were chosen as model cell lines because they have been shown to express NTR under hypoxic conditions. 14, 29, 41, 48 Cells were incubated with FBN-1 for 30 min at 37°C, and then kept under normoxic (20% O 2 ) or different hypoxic conditions (15%, 8%, 5%, or 0.1% O 2 ) for another 8 h. As shown in Figure  2a , HepG-2 cells under normoxic conditions showed weak fluorescence, whereas cells incubated under hypoxic conditions showed increasingly strong FBN-1 fluorescence intensities. Thus, the fluorescence intensity of FBN-1 increases as the degree of cellular hypoxia increases. Similar patterns were observed for A549 cells and SKOV-3 cells (Figure S10a,b) .
Flow cytometry was used to quantitatively evaluate the differences in fluorescence intensity under normoxic (20% O 2 ) and different hypoxic conditions (15%, 8%, 5%, or 0.1% O 2 ). As shown in Figure 2b , the fluorescence intensity did not differ significantly in the HepG-2 cells after incubation under 20% O 2 or 15% O 2 , but the fluorescence intensity of the cells was dramatically enhanced in the cells below 8% O 2 . Similar flow cytometric results were observed for A549 cells ( Figure S11a ) and SKOV-3 cells ( Figure S11b) . These results are consistent with the confocal microscopic imaging of the hypoxic cells, and indicate that FBN-1 is an excellent probe for imaging different levels of tumor hypoxia at the cellular level.
Dicoumarin, an inhibitor of endogenous NTR, was also used to ensure that the fluorescence in the cells incubated with FBN-1 was caused by the NTR-catalyzed reductase reduction. As shown in Figure S12a ,b, the fluorescence intensity of either HepG-2, A549, or SKOV-3 cells incubated with dicoumarin was much weaker compared to the fluorescence intensity of the cells without dicoumarin, which indicated that the activity of endogenous NTR in the cells can be inhibited by dicoumarin. It is thus likely that the fluorescence of our cells incubated with FBN-1 is mediated by NTR.
Previous studies have hypothesized that an increase in NTR concentration is a likely reason for the increased fluorescence of fluorescin probes observed under hypoxic conditions. 40, 41 Here, ELISA was performed to quantify the expression of NTR in the three tumor cell lines. The NTR concentrations in the cell supernatants or lysates were 4 U/L, 3 U/L, and 2.5 U/L in the HepG-2 (Figure 2c ), A549 ( Figure S13a) , and SKOV-3 cells (Figure S13b ), respectively. We found no significant difference in NTR concentrations in the same cell line under different hypoxic conditions (15%, 8%, 5%, or 0.1% O 2 ). In short, the fluorescence intensity of the probe increased gradually as the oxygen concentration decreased in the cultured cancer cells, but the levels of NTR varied only slightly. In addition, dicoumarinbased NTR inhibition suggests that FBN-1 fluorescence indeed originates from intracellular NTR ( Figure S14 ). Our results suggest that the main reason for the increase in nitroreductase fluorescence is that fewer nitro anion radicals are oxidized to nitro groups under hypoxic conditions.
Determining the Degree of Hypoxia in a HepG-2-Tumor-Bearing Mouse Model. Generally, the larger a tumor, the more severe its degree of hypoxia. 41 To determine the potential utility of FBN-1 in vivo, a HepG-2-tumor-bearing mouse was utilized to validate the suitability of FBN-1 for hypoxia bioimaging in vivo. Tumors were grown in the living mice for 7 or 35 days via subcutaneous implantation of HepG-2 cells. FBN-1 (0.2 mM, 100 μL in PBS buffer) was then injected into the tumor site. At 1, 5, 10, or 20 min after injection, the net fluorescence intensity increased as shown in Figure 3a , with a leveling of the fluorescence intensity approximately 20 min after the injection of FBN-1 ( Figure S15 ). At fluorescence equilibrium, the fluorescence intensity was nearly twice as high in the 35 day tumor, than the 7 day tumor. After imaging the fluorescence in vivo, the tumors were dissected from the mice. The diameters of the 7 day and 35 day tumors were about 6 mm and 14 mm on average, respectively. The fluorescence in the images of the naked tumors was also measured (Figure  3b,c) . The average fluorescence intensity of the 14 mm excised tumor was roughly three times greater than the fluorescence intensity from the 6 mm excised tumor. The expression of NTR in solid tumors was quantified with ELISA. The 6 mm and 14 mm solid HepG-2 tumors contained 1.8 and 2.0 U/g enzyme, respectively, indicating that the NTR levels remain unchanged with tumor growth and age. In both our cellular assays ( Figure  2 ) and tumor assays (Figure 3) , we find that NTR expression is independent of the degree of hypoxia in these samples, contrary to prior findings. [12] [13] [14] 35, 37, 40, 41 Our work directly quantifies NTR expression in hypoxic samples, and links NTR expression to degree of hypoxia. These results indicate that our probe may be used to quantify degree of hypoxia in tumors in vivo. Furthermore, our results provide preliminary insights suggest- 

■ CONCLUSION
In summary, we have developed an NTR probe, FBN-1, that can be used to monitor different levels of hypoxic conditions in cancer cells. The probe displays a high quantum yield, high sensitivity, and high selectivity in detecting NTR in tumor cells. When tested with ELISA, we found no significant change in NTR concentrations between cancer cell samples cultured under different oxygen concentrations. Therefore, we can exclude the effect of intracellular NTR concentration on the increase in fluorescence in vitro. Confocal fluorescence imaging and flow cytometry demonstrated that FBN-1 can be used to monitor hypoxic conditions at the cellular level in real time. FBN-1 can also distinguish different growth stages of tumors by measuring the degree of hypoxia in tumors in vivo. In tumorbearing mice, we found that NTR concentration remains nearly constant in the tumor tissue whether 7 days or 35 days postimplantation. This probe may also be used to determine the molecular mechanism underlying the malignant transformation of tumors in the absence of oxygen. 
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